Soil sustainability implies maintaining the balance between soil erosion and production. While it is known how to assess soil erosion, only recently we have been able to estimate rates of soil and saprolite (namely regolith) production using uranium-series isotopes. This method assesses the time elapsed since rock-forming minerals start fractionating the U-series isotopes. In this study, we assess a sample pre-treatment protocol that has the potential to improve the method used to estimate regolith production rates. We propose that removal (or partial removal) of secondary phases precipitated from solution during pedogenesis (solution-derived phases) and organic matter from regolith may improve the accuracy of this method. This is tested using sequential extraction followed by etching as sample pre-treatment. Here, we assess their effect on the U-series isotopic composition of regolith and infer whether they minimize the presence of solution-derived phases and organic matter. We applied sequential extraction and etching to a basaltic weathering profile (bedrock, saprolite and soil) and compared the U-series isotopic composition before and after treatment. We also measured major elements concentrations and assessed mineralogy. The bedrock was in secular equilibrium and sequential extraction resulted in unchanged (234U/238U) activity ratios, while increased (230Th/ 238U). In contrast, etching resulted in increased (234U/238U) and (230Th/238U) activity ratios, which is attributed to the removal of primary minerals. Relative to the untreated bedrock, the untreated saprolite showed no changes in U and Th concentrations, and activity ratios. We hypothesise that during the conversion of bedrock into saprolite U and Th budgets are unaffected. Moreover, major element and mineralogical analyses suggest that during this process rock-forming minerals are converted into secondary phases (clays). We hypothesise that during this conversion the U-series isotopes are not fractionated; therefore, the removal of these secondary phases is not necessary. Relative to the saprolite, the soil showed gains of U and Th, (234U/238U) > 1 and (230Th/238U) < 1. This could result from precipitation of solution-derived phases from soil-pore water and/or nuclide adsorption onto organic matter. These phases were removed by sequential extraction, which resulted in a residue with (234U/238U) < 1 and (230Th/ 238U) > 1. To minimize the presence of solution-derived phases and organic matter in basaltic weathering profiles we suggest that only soil samples should undergo sequential extraction, because only these are significantly affected by solution-derived phases and organic matter. Additionally, our experiments show the existence of fractionation processes that are often overlooked in U-series isotopic studies, i.e. implantation of 234U and 230Th recoiled from U-rich mineral (i.e. glass) into adjacent, U-poor phases (e.g. pyroxene and feldspar). and saprolite (namely regolith) production using uranium-series isotopes. This method assesses 47 the time elapsed since rock-forming minerals start fractionating the U-series isotopes. In this 48 study, we assess a sample pre-treatment protocol that has the potential to improve the method 49 used to estimate regolith production rates. We propose that removal (or partial removal) of 50 secondary phases precipitated from solution during pedogenesis (solution-derived phases) and 51 organic matter from regolith may improve the accuracy of this method. This is tested using 52 sequential extraction followed by etching as sample pre-treatment. Here, we assess their effect 53 on the U-series isotopic composition of regolith and infer whether they minimize the presence 54 of solution-derived phases and organic matter. 55
Introduction

78
Uranium-series isotopes can be used to estimate rates of regolith production and study 79 weathering processes. This is because intermediate daughter nuclides of the U-series system 80 have an array of half-lives that cover timescales of weathering processes (Chabaux et Suresh et al., 2013) . For a system that has remained closed for 83 more than 1 Myr, all U-series isotopes will be in secular equilibrium (i.e. daughter-parent 84 activity ratios will be 1). When the bedrock starts weathering and its primary minerals dissolve, 85 U-series isotopes fractionate and the solid residue deviates from secular equilibrium. The 86 fractionation of the U-series isotopes reflects the nuclide chemical mobility, which is uranium-87 and secondary phases derived from their incongruent dissolution), solution-derived phases and 97 organic matter.The U-series isotopic compositions of bulk regolith will represent the 98 composition of all these components. 99
Regolith production rates can be estimated by modelling the evolution of U-series isotopic 100 composition with profile depth. In a sample, the evolution of the abundance of a nuclide j 101 (Nj) with time is described by the following equation (Dequincey et fraction coarser than 125 µm was retained in order to minimize dust contribution, which could 172 significantly affect the U-series isotopic composition of regolith . A cut-off 173 size of 125 µm was chosen because aeolian material is composed of particles smaller than ~100 174 µm in the study area (Cattle et al., 2009 ). In order to assess the effect of sieving, major element 175 and U-series isotopic analyses were performed before and after sieving. The samples were 176 prepared at Wollongong Isotope Geochronology Laboratory, University of Wollongong. 177
For sequential extraction, about 2 g of sample were placed in 50 ml perfluoroalkoxy alkane 178 (PFA) centrifuge tubes. Sequential extraction followed the procedure proposed by Tessier et al 179 (1979) , with one modification: the exchangeable fraction was removed using Mg(NO3)2 180 (Leleyter and Probst, 1999) . The sequential extraction protocol is summarized in Table Finally, (iv) the organic matter was leached from the residue of step (iii) with a three-stage 197 leaching. Firstly, 3 ml of 0.02M HNO3 and 5 ml of 30% H2O2 (Reagent grade, Merck) per gram 198 of sample were added to the centrifuge tubes and the pH was adjusted to 2 with 69% HNO3 199 (ACS Reagent grade, Merck). The solution was kept at room temperature for 1 hr, the 200 temperature was then increased slowly to 85°C and left at the same temperature for 1.5 hr, 201 agitating manually every 30 minutes. Secondly, 3 ml of 30% H2O2 per gram of sample were 202 added and the pH was adjusted to 2 with 69% HNO3. The solution was heated at 85°C for 3 hr 203 and agitated every 30 minutes. Finally, 5 ml of 3.2M NH4OAc (ammonium acetate, 204
TraceSELECT>99.9999%, Sigma-Aldrich) in 20% (v/v) HNO3 per gram of sample were added 205 and the total volume was taken up to 40 ml using Milli-Q water. The solution was agitated for 206 30 minutes on the orbital shaker at room temperature. At the end of the sequential extraction 207 treatment an aliquot of about 100 mg was saved for U-series and major element analysis. This 208 aliquot is referred to as leached throughout the article. 209
The etching procedure was performed on the leached samples. Twenty ml of 0.3M HF/ 0.1M 210
HCl per gram of sample were added to the PFA centrifuge tube and agitated on the orbital 211 shaker at 2000 rpm for 24 hr. An aliquot of about 100 mg of the solid residue was taken after 212 1, 2, 4, 8 and 24 hr. Each aliquot was transferred to a clean centrifuge tube and washed twice 213 with 12 ml of Milli-Q water. Finally, all aliquots were dried in an oven at 70°C. 214
About 100 mg of each sample were spiked with ~30 mg of 229 Th-236 U tracer solution before 215 acid dissolution. All reagents used during acid dissolution were Merck™ Suprapur grade. 216
Samples were dissolved with 2.5 ml 48% HF and 0.5 ml 69% HNO3 in 30 ml PFA vials at 217 100°C overnight. Dissolved sample solutions were dried to incipient dryness at 120°C. If 218 dissolution was not fully completed, solutions were transferred to polytetrafluoroethylene 219 (PTFE) digestion bombs and a mixture of 0.5 ml 69% HNO3 and 1.5 ml concentrated 30% HCl 220 was added. Bombs were heated at 200°C for more than 12 hr and then solutions were dried to 221 incipient dryness at 120°C. The fully dissolved samples were then treated with 3 ml of 6M 222
HCl. When necessary, H3BO3 was added to dissolve any residual fluorides. Solutions were 223 heated at 80°C overnight and dried to incipient dryness at 100°C. Samples were then re-fluxed 224 with 0.5 ml of 69% HNO3 twice. Finally, samples were taken in 2 ml of 1.5 M HNO3. The 225 resulting solutions were than divided in two aliquots: a) 0.1 ml was saved for major element 226 analysis; b) the remaining solution was used for U-Th separation. This was performed by ion 227 exchange chromatography using 0.5 ml of TRU resin (Eichrom), following the protocol 228 described in Luo et al. (1997) . Uranium and Th elutions were dried to incipient dryness, taken 229 in 0.5 ml of 31% H2O2 and dried down again. A drop of 69% HNO3 was added, dried down 230 and finally the sample was dissolved in 2% HNO3 before U-series isotopic analyses. 231
The U-series isotopic analyses were performed using Sims (2008) Table 3 ). 258
The X-ray diffraction (XRD) measurements were undertaken on milled samples. Samples were 259 mounted on holders and analysed with a Phillips 1130/90 diffractometer set to 35 kV and 28.8 260 mA. A Spellman DF3 generator was set to 1 kW and samples were analysed using an automatic 261 sample holder. The analysis were performed with 2-theta values between 4 and 70° at 2° per 262 minute and a step size of 0.02. The data were then processed through GBC 122 control system, 263
and Traces and SIROQUANT softwares. The accuracy obtained by XRD routine analysis is 264 normally about ± 3% at the 95% confidence level (e.g. Hillier, 2000) . Loss on Ignition was 265 determined on approximately 2 grams of sample. The sample was placed in a furnace at 550°C 266 for 4 hr, using the methodology recommended by Heiri et al. (2001) . 267
Results and discussion
268
The XRD mineralogy data and major elements concentrations are presented in Table 2 Figure 1 ) for untreated, leached and etched samples implies that they are not 277 significantly mobilized during the experiment. Alternatively, the two elements could be 278 mobilized at a similar rate throughout the weathering profile and during sequential extraction 279 and etching, which is unlikely. Finally, the Zr/TiO2 ratios in untreated bedrock, saprolite and 280 soil remain relatively constant throughout the profile (relative standard deviation, RSD, < 281 ±20%). We chose Ti as the least mobile element because the Zr/TiO2 ratios slightly decrease 282 during sequential extraction and etching, indicating a possible loss of Zr. 283
Bedrock 284
Analysis of a thin section of the untreated bedrock showed microphenocrysts of olivine and 285 plagioclase, cemented together by a fine glass matrix. The XRD data confirmed that the 286 untreated bedrock is composed largely of olivine, pyroxene, plagioclase and K-feldspar, and 287 minor concentrations of magnetite and hornblende. While the ( 234 U/ 238 U) activity ratio was in 288 secular equilibrium, the ( 230 Th/ 238 U) was lower than 1. This is surprising as the untreated 289 bedrock is expected to be in secular equilibrium for both radioactive systems. It is possible that 290 Following sequential extraction, we observe a loss of U and Th (Fig. 3) probably due to the 321 dissolution of glass and inter-granular phases. Sequential extraction resulted in the removal of 322 ~72% and ~64% of U and Th relative to Ti from the bedrock. These losses suggest dissolution 323 of one or several labile, U-and Th-bearing phases. As discussed above, the phases most likely 324 dissolved during sequential extraction are olivine and glass, but large amount of U and Th 325 could also be retained in unstable inter-granular phases (Tieh et al., 1980) . Olivine usually 326 contains very low U and Th (Harmon and Rosholt, 1982) , in contrast with glass (Dostal and 327 Capedri, 1975; Dostal et al., 1976) . Glass concentrates U and Th because of the incompatibility 328 of these elements during magma differentiation (Hofmann, 1988) . If we consider a bedrock 329 with 1 ppm of U and 22 wt.% of olivine, and assuming a U concentration in olivine of 0.01 330 ppm (Harmon and Rosholt, 1982) , the olivine would contribute only ~0.22% of the total U 331 present in the bedrock. This suggests that this mineral is unlikely to be responsible for the 332 observed loss of U following sequential extraction. In contrast, glass contents in basalt are 333 commonly of the order of 10 wt.% (Robertson and Peck, 1974) , and reported U concentrations 334 in glass are between 0.2 and 11 ppm (Aumento, 1971; Walton et al., 1981) . Assuming glass 335 concentration in our basalt of 10 wt.%, containing 2 ppm of U, the glass would contribute 20% 336 of the total U budget in the bedrock. The remaining fraction of U lost may be supplied by inter-337 granular phases. Uranium in inter-granular phases could be released due to the experimental 338 conditions applied during sequential extraction. For instance, Tilton et al. (1955) found that 34 339 and 42% of U and Th were removed from inter-granular phases of a granitic bedrock by a 5-340 minutes stirring with 6 M HCl. This suggests that the dissolution of inter-granular phases can 341 result in the large losses of U and Th . 342
After sequential extraction, the ( 234 U/ 238 U) activity ratio increased by ~1% and ( 230 Th/ 238 U) by 343 ~40% (Fig. 4) . The lack of significant variation in the ( 234 U/ 238 U) ratio may suggest that 344 sequential extraction removes phases with isotopic composition similar to the bedrock. In 345 contrast, the increase in ( 230 Th/ 238 U) is explained by the preferential loss of U over Th during 346 glass dissolution and the removal of inter-granular U and Th. Thus, it is not recommended to 347 perform sequential extraction on bedrock because primary phases can be lost and artefacts in 348
The XRD data suggested only a loss of olivine during etching, while the rest of the primary 350 minerals remained unchanged (Table 2) . We observed a loss of K and Al relative to Ti during 351 the first hour of etching, while for longer duration their abundances remained relatively 352 constant (Fig. 2) Firstly, the larger the difference in U contents between the two adjacent phases, the more 374 effective the transfer of the radiogenic nuclides is (Sheng, 1986; Sheng and Kuroda, 1986a 
Saprolite 392
By comparing untreated bedrock and saprolite we aimed at investigating the effects of the 393 conversion of bedrock into saprolite on the mineralogy, major element and U-series isotopic 394 composition of the regolith. The XRD data showed that the untreated saprolite had a lower 395 olivine, plagioclase, K-feldspar and pyroxene content, compared to the untreated bedrock, 396 while a significant abundance of clay minerals was present (Table 2) . 397
The MgO/TiO2 and K2O/TiO2 ratios were lower in the saprolite compared to the bedrock, 398 indicating a loss of Mg and K during the conversion of the bedrock into saprolite. In contrast, 399
Al2O3/TiO2, Fe2O3/TiO2, U/TiO2 and Th/TiO2 ratios and the ( 234 U/ 238 U) and ( 230 Th/ 238 U) 400 activity ratios remained almost unchanged (Fig. 5 and 6 Successively, Mg is lost while Fe remains; the latter recombines with SiO4 tetrahedra to form, 412 depending on the weathering conditions, smectite, montmorillonite, hematite and/or goethite 413 (Delvigne et al., 1979) . Similarly, feldspar commonly weather to kaolinite, secondary mica 414 (e.g. sericite) and/or allophane (Ollier and Pain, 1996) and glass into Fe-rich kaolinite (Arslan 415 et al., 2006) . 416
The constant U/TiO2 and Th/TiO2 ratios between the untreated bedrock and saprolite imply 417 that there is no loss of U and Th during clay formation. Similarly, the ( 234 U/ 238 U) and 418 ( 230 Th/ 238 U) activity ratios showed similar values, confirming that these nuclides are not 419 considerably lost during clay formation. Note that the estimation of regolith production rates 420 is based on the fractionation among the U-series isotopes. Therefore, because U and Th are not 421 fractionated during the conversion of primary minerals into clays, the latter phases need to be 422 preserved. 423
The untreated saprolite was sieved at 125 µm and the coarser fraction was retained. The fraction 424 coarser than 125µm displayed MgO/TiO2 and Fe2O3/TiO2 ratios similar to those of the 425 untreated saprolite, but higher K2O/TiO2 and Al2O3/TiO2 ratios (Fig. 7) . The gain in K and Al 426 may suggest that the coarser size fraction is enriched in K-feldspars. Sieving had little effect 427 on the U and Th concentrations and activity ratios. This suggests that U and Th isotopes are 428 uniformly distributed across these size fractions. The higher U/TiO2 value in the coarse fraction 429 of the lower saprolite may be an analytical artefact (Fig. 8) ; the U concentration was 430
anomalously high compared to all other samples, while TiO2 concentration was similar. The 431 grain-size fraction coarser than 125 µm was used for sequential extraction and etching, as 432 described in the method section. 433
Following sequential extraction, there is no evidence for a loss of primary minerals but clay 434 contents decreased by ~30 and ~12% in the lower and upper saprolite, respectively. Note that 435 the decrease in clays is likely to represent the combined effect of sequential extraction and 436 sieving. It was not possible to differentiate between the two, considering that we were unable 437 to undertake XRD analysis on sieved samples. Following sequential extraction of the saprolite, 438
Mg, K, Al, U, and to a lesser extent Th were lost (Figs. 7 and 8 ). This is likely to be explained 439 by the loss of clays and possibly other phases such as Fe-oxides, during this treatment. 440
Sequential extraction had opposing effects on the ( 234 U/ 238 U) activity ratios of the upper and 441 lower saprolites (Fig. 9) During etching, there is no evidence for any systematic variation in mineralogy. In both 466 saprolites, there was no change in Fe2O3/TiO2 and K2O/TiO2 ratios. In the lower saprolite, 467
Al2O3/TiO2 and MgO/TiO2 ratios both increased and decreased during treatment, respectively. 468
In the upper saprolite, these two ratios were continuously lost. This could be the result of minor 469 loss of primary minerals, undetected by XRD, and/or of Al-and Mg-bearing poorly-crystalline 470 phases (e.g. clays). While Th concentrations remained unchanged for both saprolites, U was 471 lost during the first hour of etching (Fig. 8) Untreated soils show a gain of U and Th when compared to the untreated saprolite (Fig. 5) This can be explained in two ways. Firstly, the gain of these nuclides could be related to their 500 immobilization by organic matter, since LOI data show higher organic matter in the upper soil, 501 compared to the saprolite (Table 3) The removal of the grain size fraction <125 µm resulted in an increase in K and Al contents 508 relative to Ti, while Fe and Mg remained nearly unchanged (Fig. 10) . This suggests that the 509 grain size fraction < 125 µm is depleted in Al-and K-bearing phases, similarly to what was 510 observed in the saprolite. The U concentrations and U-series activity ratios did not significantly 511 change after sieving (Fig. 11 and 12 ). This suggests a homogeneous distribution of U-series 512 isotopic composition across size fractions. Thus, aeolian inputs (concentrated in the fined-513 grained fraction) are unlikely to play a major role on the U-series isotope composition of this 514 soil. For sequential extraction and etching, we retained the size fraction coarser than 125 µm. 515
After sequential extraction, there was no significant change in mineral abundances compared 516 to the untreated soil (Table 2) . However, we observed losses of Mg, K, Al, U and Th, while Fe 517 remained unchanged (Fig. 10 and 11 and XRD data do not suggest mineral loss. Therefore, it seems that etching has little effect on 530 soil that has undergone sequential extraction. This suggests that sequential extraction 531 effectively removes solution-derived phases and organic matter, whereas etching has little to 532 no effect. Note that the presence of allochthonous quartz is unlikely to significantly affect the 533 U-series isotopic composition of the soil residue, because of its low content of U and Th. 534 attacks the outer rind of bedrock-derived phases, which is depleted in 234 U relative to 238 U, and 543 results in increasing the ( 234 U/ 238 U) activity ratio toward 1. In our study, the minimum 544 ( 234 U/ 238 U) was reached after sequential extraction; hence we recommend applying this 545 treatment to soil in order to minimise the presence of solution-derived phases and organic 546 matter. Etching seems unnecessary as it results in little to no variation in the U-series isotopic 547 composition of leached soil. 548
Conclusions
549
We applied sequential extraction and mild HF/HCl etching to a bedrock, two saprolites and 550 two soils of a basaltic weathering profile. The aim was to assess the effect of sequential 551 extraction and etching on the U-series isotopic composition of regolith and to evaluate whether 552 these processes can be used to minimize the role of solution-derived phases and organic matter 553 on U-series isotopic ratios. 554
This study provides insights on the behaviour of U-series during regolith development. For 555 instance, our results suggest that recoil of 234 U and 230 Th from U-rich, fine-grained phases and 556 their implantation into adjacent minerals may be a fractionation process that is currently 557 underestimated in U-series isotopic studies of regolith. More experiments are necessary to 558 clarify the role played by this mechanism during the isotopic evolution of soil and saprolite. 559
The untreated bedrock was in secular equilibrium for ( 234 Th during the early stages of water-rock 561 interaction. The untreated saprolite showed activity ratios similar to the bedrock. We inferred 562 that during the conversion of the bedrock into the saprolite olivine, feldspar, pyroxene and glass 563 are converted into clays. During this process, the U-series isotopes are not significantly 564 mobilized and show little to no fractionation. The untreated soil showed ( 234 U/ 238 U) >1 and 565 ( 230 Th/ 238 U) <1; this reflects the presence of solution-derived phases and organic matter. 566
Overall, in basaltic weathering profiles where U-series isotope measurements are to be 567 undertaken to derive regolith production rates, we recommend to i) use the untreated bedrock, 568 ii) sieved saprolite (grain size fraction greater than 125 µm), and ii) apply the sequential 569 extraction protocol summarized in Table 2 to sieved soil samples (grain size greater than 125 570 µm). The bedrock should not be treated, as there is no evidence for solution-derived or organic 571 phases, and treatment mobilizes labile U and Th. The saprolite contains clays derived from the 572 weathering of primary minerals. Because during the transformation of the bedrock into 573 saprolite there is no evidence for U and Th added by solution, sequential extraction should not 574 be performed on saprolite. In contrast, the soil contains solution-derived and organic phases; 575 these phases need to be removed to expose the U-series isotopic composition of bedrock-576 derived phases. Our results suggest that this can be efficiently achieved with the sequential 577 extraction protocol proposed. In contrast, mild HF/HCl etching does not affect the soil and 578 thus seems unnecessary. 579
One could argue that different treatments would introduce artefacts in the estimates the U-580 series isotopic composition of the regolith profile. However, this study underlines that saprolite 581 and soil are the result of different processes and thus contain phases of different origin; while 582 soil shows evidences of solution-derived and organic phases, saprolite is mostly characterized 583 by residual primary minerals and bedrock-derived clays. This study provides a promising, 584 simple and cost-effective pre-treatment method to remove solution-derive phases and organic 585 matter from regolith. It also emphasizes the importance of carefully evaluate the different 586 effects of treatments on regolith. While this study does not intend to provide a single pre-587 treatment method suitable to all type of weathering profiles, conclusions should be applicable 588 to similar basaltic profiles. 589 
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Phase aimed at Procedure
(1) Exchangeable 8 mL of 1 M Mg(NO3)2. Agitate at room temperature for 50 min.
(2) Carbonates 16 mL of 1 M NaOAc at pH 5 (adjusted with AcOH). Agitated at room temperature for 5 hr.
(3) Fe-and Mn -oxides 20 mL 0.04M NH2OH·HCl/AcOH (pH 2). At 96 °C for 5 hr and agitated occasionally.
(5) Organic matter -3 mL of 0.02 M HNO3 + 5 mL 30% H2O2 at pH 2 (adjusted with HNO3), at 85 °C for 2 hrand occasionally agitated.
-3 mL 30% H2O2, pH 2 (adjusted with HNO3), at 85 °C for 3 hr and occasionally agitated.
-5 mL of 3.2 M NH4OAc in 20% HNO3, diluted up to 20 mL with H2O, agitated at room temperature for 30 min. 
803
Error bars represent propagated external relative analytical uncertainties (RSE) reported in Table. 3. 
